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FORE WORD 
The  research  descr ibed  herein,   which w a s  
conducted by Aerojet-General  Corporation, 
Liquid  Rocket  Operations, w a s  performed 
under NASA Contract NAS 3-2555  with 
Mr .  J. M. Kazaroff, Chemical Rocket 
Division, NASA Lewis  Research Center ,  as 
Technical Manager. The report w a s  
originally  issued as Aerojet-General  Report  
No. 8800-26,  November  1965. 
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ABSTRACT 
A repor t  of the  results of an  investigation of 
1 1  braze alloy systems, 8 of which were 
developed by the  Aerojet-General  Corporation, 
as alternatives  for  the  copper-gold  commercial 
alloy  (Nicoro)  widely  used  to  vacuum  braze 
large  rocket  engine  tubular  thrust  chambers. 
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I. SUMMARY 
A program was c o n d u c t e d  t o  d e v e l o p  a n  a l t e r n a t i v e  b r a z e  a l l o y  f o r  t h e  
copper-gold commercial  alloy (Nicoro) widely used to vacuum braze  l a rge  
rocket  engine tubular  thrust  chambers .  The u s e  o f  t h i s  a l l o y  on  extremely 
l a r g e  t h r u s t  chambers,  such as  the  M-1 engine,  would resul t  i n  i n o r d i n a t e  
c o s t s .  Copper  and 10 copper -base   a l loys  were i n v e s t i g a t e d ;  e i g h t  o f  t h e s e  
copper -base  a l loys  were non-commercial a l loys  deve loped  under  th i s  cont rac t .  
Two o f  t h e s e  a l l o y s ,  AGC-200 and AGC-201, proved  to  be  equal  in  a l l  r e s p e c t s  
to  the  commerc ia l  a l loy  Nicoro .  The remaining six of  these  new a l l o y s  con- 
t a ined  small a d d i t i o n s  o f  s i l i c o n  and were somewhat weaker than Nicoro 
because  o f  t he  fo rma t ion  o f  b r i t t l e  s i l i c ide  phases .  Two commercial  copper- 
b a s e  a l l o y s ,  Anaconda 656 and Anaconda 651, compared favorably with Nicoro; 
however, a d d i t i o n a l  r e s e a r c h  i s  r equ i r ed  to  r educe  the i r  impur i ty  con ten t  fo r  
s a t i s f ac to ry  h igh  t empera tu re  vacuum braz ing  ope ra t ions .  Use of AGC-200 o r  
AGC-201 b r a z e  a l l o y  i n  p r e f e r e n c e  t o  N i c o r o  w i l l  r educe  the  gold  conten t  by 
57% and o f f e r  a 50% r e d u c t i o n  i n  b r a z e  material c o s t s .  
11. INTRODUCTION 
In 1956, the Aerojet-General Corporation Sacramento Plant developed 
the  p rocess ing  t echn iques  fo r  f ab r i ca t ing  l a rge  s i ze  l i qu id  rocke t  t ubu la r  
thrust   chambers by the  high  temperature  furnace  brazing  process.   This method 
of  processing was s u c c e s s f u l l y  u s e d  i n  f a b r i c a t i n g  s e v e r a l  t h o u s a n d  f i r s t -  
s t a g e  and second-stage thrust  chambers for the Titan I ,  T i t a n  11, and  Gemini 
engine  systems. It has  since  been  adopted by the  Aerospace  industry as the  
most r e l i a b l e  and  economical way f o r  f a b r i c a t i n g  l a r g e  t u b u l a r  components 
r e q u i r i n g  a v e r y  h i g h  l i n e a r  f o o t a g e  o f  q u a l i t y  b r a z e  j o i n t s .  
The se lec t ion  of  dry  hydrogen  as  the  fu rnace  a tmosphe re  fo r  j o in ing  
the above components permitted the Aerojet-General Corporation Materials 
E n g i n e e r i n g  o r g a n i z a t i o n  t o  d e v e l o p  t e c h n i q u e s  u t i l i z i n g  r e l a t i v e l y  low c o s t  
b raze   a l loys   ( i . e . ,   app rox ima te ly  $8.00 p e r  l b ) .  The d e c i s i o n   t o   u s e  a 
vacuum environment for furnace brazing of the M - 1  Combustion Chamber a t  an  
optimum braz ing  tempera ture  requi red  the  cons idera t ion  of  b r a z e  a l l o y s  w i t h  
h igh   pu r i ty   con ta in ing   e l emen t s   w i th  low vapor  pressure.  Because  commercially 
a v a i l a b l e  a l l o y s  o f  t h i s  c a t e g o r y  c o n t a i n  a high percentage of  noble  metals  
and cost  approximately $200.00 per  lb ,  a program was i n i t i a t e d  t o  d e v e l o p  a n d  
e v a l u a t e  a l t e r n a t i v e  l o w e r  c o s t  b r a z e  a l l o y s  f o r  u s e  i n  j o i n i n g  of  t h e  M - 1  
components. 
V a r i o u s  c r i t e r i a  i n  a d d i t i o n  t o  t h o s e  i n h e r e n t  w i t h  vacuum brazing 
guided   the   ana lys i s   and   se lec t ion  of  a l t e r n a t i v e  a l l o y  c o m p o s i t i o n s .  The 
serv ice  envi ronment  requi red  an  a l loy  wi th  h igh  s t rength  and  toughness  a t  
c ryogenic   t empera tures .   F i t -up   problems,   inherent   in   the   assembly  of such a 
l a rge  tubu la r  bund le ,  d i c t a t ed  the  use  o f  an  a l loy  wh ich  i s  r e l a t i v e l y  i n s e n -  
s i t i v e  t o  j o i n t  c l e a r a n c e  v a r i a t i o n s .  
The use of Alloy 718 in the assembly imposed a maximum braze temperature 
l i m i t a t i o n  o f  1975'F; t he  maximum s o l u t i o n  h e a t  t r e a t  t e m p e r a t u r e .  
A l i t e r a t u r e  s e a r c h  was made to  review and analyze commercial ly-  
a v a i l a b l e  a l l o y s  (see Table 1) tha t  cou ld  sa t i s fy  the  a fo remen t ioned  r equ i r e -  
ments .   Nicke l ,   go ld ,   copper ,   and   s i lver   b raze   a l loys  were considered.   Nickel-  
base al loys were discounted because of t h e i r  i n h e r e n t  b r i t t l e n e s s  r e s u l t i n g  
from i n t e r m e t a l l i c  compounds. S i l v e r - b a s e  a l l o y s  were inadequate  because  of 
t h e i r  r e l a t i v e l y  low s t r e n g t h .  Hence, the  gold-base  and  copper-base  systems 
r e c e i v e d  c r i t i c a l  s t u d y .  T h i s  s t u d y  r e s u l t e d  i n  t h e  d e v e l o p m e n t  o f  e i g h t  
copper-base brazing al loys.  
111. TECHNICAL DISCUSSION 
A. BRAZE FILLER METAL REQTJIREMENTS 
1. Good s t r e n g t h  a n d  d u c t i l i t y  i n  t h e  room tempera tu re  to  cryo- 
g e n i c  (-423OF) t empera tu re   r ange .   Crys t a l   s t ruc tu re   o f   t he   e l emen ta l   cons t i -  
tuents   should  be  face-centered-cubic .  
2.  E lementa l   cons t i tuents   should   have   re la t ive ly   h igh   vapor iza-  
t ion temperature  because vacuum braz ing  in  the  r ange  o f  0 .5  to  5.0 microns i s  
a n t i c i p a t e d .  
3. Minimum e r o s i o n  a n d  d i f f u s i o n  c h a r a c t e r i s t i c s  when used  on 
A I S 1  347 s t a i n l e s s  s t e e l  a n d  b r a z e d  a t  approximately 75-degrees above the 
r a t e d  l i q u i d u s .  
4 .   Melt ing  point   and  brazing  temperature   in   the  range  of  1700°F 
t o  1975OF to  minimize  f ix tur ing  problems and  to  be compat ib le  wi th  hea t  
t rea t ing  requi rements .  
5. I n s e n s i t i v e   t o   j o i n t   c l e a r a n c e   v a r i a t i o n s  as compared with 
copper. 
6 .  Step -b raz ing   capab i l i t y   ( i . e . ,  a s u f f i c i e n t l y   h i g h   b r a z i n g  
temperature  to  permit  a second braze cycle,  i f  r e q u i r e d ,  a t  a s l i g h t l y  l o w e r  
temperature) .  
7 .  A v a i l a b l e  i n  t h e  t h r e e  b a s i c  f o r m s  o f  w i r e ,  f o i l ,  a n d  powder. 
B. COPPER-BASE B M Z E  ALLOYS 
Copper was s e l e c t e d  as the  base  material because of i t s  d e s i r a b l e  
mechanical   and  physical   propert ies  as w e l l  as i t s  low c o s t .  The face- 
cen te red -cub ic  c rys t a l  s t ruc tu re  o f  coppe r  p rov ides  good cryogenic mechanical 
p r o p e r t i e s .  Copper  has  approximately a 50% i n c r e a s e  i n  t e n s i l e  s t r e n g t h  from 
room temperature   to  -423OF. It has a low c r i t i ca l  vapor  p re s su re  wh ich  i s  
e s s e n t i a l  f o r  vacuum brazing (1.0 micron a t  2085OF), a l l o y  r e a d i l y  w i t h  t h e  
selected elements  and forms a s o l i d - s o l u t i o n  a l l o y  w i t h  n i c k e l ,  c o b a l t ,  
palladium,  gold,   and  si l icon.  Copper  has a r e l a t i v e l y  low me l t ing  po in t  
(1981OF) and r e q u i r e s  minimum percentages of  depressant  e lements  to  lower the 
me l t ing  po in t  o f  t he  a l loy  to  a ,po in t  where  b raz ing  can  be accomplished a t  
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Braze Alloy 
Nicoro 
Nioro 
Gemco 
Nicoro 80 
1600N 
1700N 
1700CN 
Cusil 
Nicusil  3 
C O W R C I A L  ALLOY  -SYSTEMS 
Composition, % 
Cu  62 
Au  35 
Ni 3 
Au 82 
Ni 18 
Cu 87.75 
Ge 12.0 
Ni 0.25 
Au 81.5 
Cu 16.5 
Ni 2.0 
Cu 52.5 
Ni 9.0 
Mn 38.5 
Cu 67.5 
Ni 9.0 
Mn 23.5 
Cu 63 
Ni  5 
Cr 10 
Mn  22 
Ag  72 
Cu 28 
Ag 71.15 
Cu 28.10 
Ni 0.75 
Brazing Temperature , OF 
1925 
1800 
1800 
1750 
1700 
1800 
1850 
1500 
1500 
Pressure, Microns 
1-5 
1-5 
1- 5 
1- 5 
13- 15 
15- 20 
20- 25 
1-5 
1-5 
3 
1975'F o r  below.  The a l loy ing  e l emen t s  s e l ec t ed  and  the  pe rcen tage  o f  t he  
a l loy  cons t i t uen t s  fo rmula t ed  were  made upon t h e  b a s i s  of each element forming 
a s o l i d - s o l u t i o n  a l l o y  which would enhance the properties of the copper-base 
metal  while meeting all of the  spec i f i ed  bas i c  r equ i r emen t s .  
General ly ,  a l l  cons t i tuents  should  have  the  same c r y s t a l  form  and 
have  near - ident ica l  a tomic  d iameters  to  produce  a s o l i d - s o l u t i o n  a l l o y  s y s t e m .  
Variat ions in  a tomic diameters  should not  exceed approximately 14% from the  
base metal; however, l i m i t e d  so l id - so lub i l i t y  can  be  ach ieved  wi th  some 
e lements   in   smal l   percentages .  Some o f  t h e  s i g n i f i c a n t  p r o p e r t i e s  a re  shown 
i n  T a b l e  2. 
I n  t h i s  development  program, two e l emen t s  ( coba l t  and  s i l i con )  
were a d d e d  as  a l l o y i n g  c o n s t i t u e n t s .  A l t h o u g h  n e i t h e r  h a s  t h e  same c r y s t a l  
form as  copper, they w i l l  go i n t o  s o l u t i o n  w i t h  a coppe r -base  a l loy  in  a 
l i m i t e d  q u a n t i t y .  
Eight alloy compositions were developed and were assigned the 
des igna t ions :  AGC-200,  AGC-201,  AGC-202A,  AGC-202B,  AGC-204A,  AGC-204B, 
AGC-206A, and AGC-206B. A l l  e igh t   a l loys   a re   copper -base   qua ternary   sys tems.  
The ac tua l  composi t ions  ( see  Table  3)  were  a r r ived  a t  by mathematical  calcula-  
t ions   (weight   ra t ios )   o f   publ i shed   b inary   a l loy   sys tems.  To prevent   exceeding 
the  maximum brazing temperature of 1975'F, a l iqu idus  tempera ture  maximum was 
e s t a b l i s h e d  a t  approximately 1950OF. S u f f i c i e n t  g o l d  i s  a l l o y e d  i n  AGC-200 
and AGC-201 to  dep res s  the  l i qu idus  t empera tu re  o f  t hese  a l loys  to  1925OF and 
1950°F, r e spec t ive ly .   Var i a t ions   i n   t he   go ld   con ten t   were  found t o  a f f e c t  
t he  me l t ing  po in t  by the  fac tor  of  approximate ly  4OF per  each  one  percent  of  
gold  added. It  was de termined   tha t   the   addi t ion   o f   15%  gold   p rovided   the  
c a p a b i l i t y  f o r  a c h i e v i n g  some economic bene f i t  ( a  r educ t ion  o f  go ld  by a fac-  
t o r  o f  57% from the prime commercial candidate Nicoro). 
I n  a d d i t i o n ,  two commercial  copper-base alloys,  Anaconda  651  and 
Anaconda  656,  were  evaluated as p o t e n t i a l  b r a z e  a l l o y s .  The p u r i t y  o f  t h e s e  
a l l o y s  was n o t  t o  t h e  l e v e l  g e n e r a l l y  r e q u i r e d  f o r  a l l o y s  i n t e n d e d  as braze 
f i l l e r  m a t e r i a l s .  The composi t ion  and  propert ies  o f  t h e s e  a l l o y s  a r e  shown 
in  Tab le  4 toge the r  w i th  the  r e fe rence  Nico ro  a l loy  and  OFHC copper. 
C. SPECIMEN DESIGN AND PREPARATION 
Two basic  types of  specimens were prepared to  obtain both ul t imate  
t e n s i l e  s t r e n g t h  and u l t ima te  shea r  s t r eng th  va lues  fo r  t he  a l loy  sys t ems  
under  study. The tensi le   specimens  were  prepared by machining A I S 1  347 s t a i n -  
l e s s  s t e e l  b l o c k s  as shown  on Figure 1. The lap  shear  specimens  were  prepared 
in  accordance  wi th  A.W.S. C3.1-63, "Standard Test for Brazed Joints" (see 
Figure  1).   Three  specimens  of  each  type  were vacuum furnace  brazed  with  each 
o f  t h e  t e s t  a l l o y s .  The use  of  both  lap  shear  and  tensile  specimens was 
necessary  to  eva lua te  the  newly-developed  a l loys  as  w e l l  as  the commercial  
a l l o y s .  
4 
Element 
Go I d  
Palladium 
Copper 
Coba It 
Nickel 
S i l i c o n  
PHYSICAL  PROPERTIES  OF ALLOYING ELEMENTS 
Atomic Diameter 
Angstrom Units 
2.80 
2.74 
2.54 
2.52 
2.48 
2.36 
Melting 
Crys t a l   S t ruc tu re   Po in t  OF 
Face-Centered  Cubic  1945.4 
Face-Centered  Cubic 2826 
Face-Centered  Cubic  1981 
%lose-Packed  Hexagonal 2723 
Face-Centered  Cubic 2647 
aDiamond Cubic 
2: Ordinary form, other forms known or probable.  
2570 
Vapor Pressure 
( C r i t i c a l )  
1 micron @ 2400°F 
0.1 micron @ 2175'F 
1 micron @ 2560°F 
0.1 micron @ 2320°F 
1 micron @ 2085'F 
0.1 micron @ 1895'F 
1 micron @ 2720°F 
0.1 micron @ 2485OF 
1 micron @ 2500°F 
0.1 micron @ 2295'F 
1 micron @ 2235'F 
0.1 micron @ 2040°F 
Source: Handbook of  Chemistry and Physics,  Chemical  Rubber  Publishing Company 
Metals Handbook, American Society for  Metals  
Vapor Pressure Data, Radio Corporation of America, Sarnoff Research Center 
Table 2 
AEROJET-GENERAL CORPORATION DEVELOPED ALLOYS 
AGC -
Composition, % 
Liquidus , OF 
Brazing Temp. , OF 
Diffusion,   in .  
Erosion (At 
brazing temp .) 
Hardness  (Braze- 
ment RB) 
Wet and Flow 
C h a r a c t e r i s t i c s  
Pee l  Tes t  
F a i l u r e  
200 20 1 20 2h 202B  204A  204B  206A  206B 
Cu b a l  Cu b a l  Cu b a l  Cu b a l  Cu b a l  Cu b a l  Cu b a l  Cu b a l  
N i  3.0 Co 5.0 S i  3.5-4.0 S i  1.5-2.0 S i  3.5-4.0 S i  1.5-2.0 S i  3.5-4.0 S i  1.5-2.0 
Pd 4.5 Pd 5.0 N i  0.5-1.5 Pd 0.5-1.5 Pd 5.0-6.0 Pd 5.0-6.0 Pd 9.0-10.0 Pd 9.0-10.0 
Au 15.0 Au 15.0 Pd 0.5-1.0 N i  0.5-1.0 N i  3.3-4.0 N i  3.3-4.0 N i  6.0-6.75 N i  6.0-6.75 
1925 
1965 
0.001 
N i  1 
58 
Very 
Good 
Base 
Me ta l  
1930 
1970 
0.001 
N i  1 
60 
Very 
Good 
Base 
Me ta l  
1875 
1900 
0.003 
N i  1 
60 
Very 
Good 
Base 
Me t a l  
1910 
1950 
0.002 
N i  1 
94 
Good 
Base 
Me ta 1 
1825 
1900 
0.003 
N i  1 
84 
Very 
Good 
Braze 
J o i n t  
1925 
1975 
0.002 
N i  1 
80 
Good 
Base 
Me t a  1 
1830 
1900 
0.003 
N i  1 
89 
Very 
Good 
Braze 
J o i n t  
1930 
1975 
0.002 
Ni 1 
88 
Very 
Good 
Base 
Me ta 1 
Table 3 
COMMERCIAL  ALLOYS 
Anaconda 6 51 
(1015) 
Anaconda 656 
(10 lo) Nicoro (Wesgo) Condition;\ 
Composition, % 
O.F.H.C. Copper 
c u  99.9 Au 35.0 
Cu 62.0 
N i  3.0 
Cu 95.8 
S i  3.10 
Mn 1.10 
Cu 98.25 
S i  1.5 
Mn 0.25 
Liquidus , OF 
Brazing Temp., OF 
Diffusion,  in.  
Erosion 
Hardness 
Wet and Flow 
1981 1886 1865 1931 
2030 1925 1900 1960 
0.001 0.002 0.003 0.003 
N i  1 N i  1 N i  1 N i  1 
40 RF 75 RB 65 RB 52 RB 
F a i r  t o  Good 
( jo in t  c learance  
sens i t i ve )  
Very Good Good Good 
Peel  Test Fa i lu re  Base Metal Base Metal Base Metal Base Metal 
4 
JX See Appendix A f o r  d e f i n i t i o n s .  
Table 4 
1 Braze 
I .  
A 1  lo? 
r I 
I 
1 
I I " 1 
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1'ENSII .E SPECIMEN 
Era? 
[Join 
Figure 1 
Lap  Shear  and  Tensile  Test  Specimens 
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The tests were conducted a t  room temperature  and a t  -423OF. Each 
specimen w a s  pu l l ed  on a T in ius -Olsen  t ens i l e  machine with a c ross -head  t rave l  
ra te  of  0.1-in.-per-minute u n t i l  fa i lure   occur red .   Ul t imate   s t rengths   were  
ca l cu la t ed  and are shown i n  T a b l e s  5 and 6 .  
D. EVALUATION AND QUALIFICATION  TESTS 
The fo l lowing  n ine  bas ic  tests were performed t o  q u a l i f y  t h e  
s y s  tems . 
1. Test .. 1 . - Determination . .  ~ of  Chemical  Compositions 
The tes ts  were conducted on as-received alloys using the 
spec t rographic  and  wet  chemis t ry  techniques  to  c ross - re ference  the  resu l t s .  
A l l  a l l o y s  met the establ ished chemical  composi t ions.  
2.  Te-st 2 -- Determination  of  Liquidus  and  Solidus  Temperatures 
The a l l o y s  were checked using the cooling curve technique and 
v i s u a l  r e f e r e n c e  t e s t ,  whereby the alloy i s  p l aced  in  a vacuum furnace with 
thermocouples   located  in   c lose  proximity  to   the  a l loys.  The thermocouples 
a re   observed   dur ing   the   hea t ing  and cool ing   cyc le .   Near - ident ica l   resu l t s  
were obtained ( 2 10°F). 
3. Tes t  3 - Braze  Temperature  Determination 
Severa l  t es t s  were  conducted  for  each  a l loy  sys tem to  obta in  
proper   f low  charac te r i s t ics .   Genera l ly ,  a temperature  of  approximately 50°F 
t o  70°F above the rated l i q u i d u s  produced good f low cha rac t e r i s t i c s .  
4 .  Tes t  4 - Determinat ion  of   Diffusion and Eros ion   Charac t e r i s t i c s  
Microstructural  examinat ion w a s  made to  de t e rmine  the  r a t e  o f  
d i f f u s i o n  and  erosion. No erosion  could  be  detected when using  the  braze tem- 
peratures  considered optimum;  however, AGC-202AJ  AGC-204A, and AGC-206A d i f -  
fused  between  0.001-in.  to  0.002-in. A d i r e c t  r e l a t i o n s h i p  e x i s t s  between 
s i l i c o n  c o n t e n t  and d i f fus ion  ( see  Tables  3 and 4) .  
5. Tes t  5 - Brazement  Hardness 
Micro hardness surveys were made on the  resu l t ing  brazements .  
A range i n  hardness from RB 58 t o  RB 89 w a s  ob ta ined .  Fur ther  inves t iga t ion  
revealed that  the al loy systems which exhibi ted 0.003-in.  diffusion had a 
hardness  range  in  excess  of  Q 40. 
6. Test 6 - Wet and Flow C h a r a c t e r i s t i c s  
The wet and flow c h a r a c t e r i s t i c s  were determined by the  
a b i l i t y  o r  i n a b i l i t y  o f  t h e  b r a z e  f i l l e r  m e t a l  t o  w e t  and flow up v e r t i c a l  
t es t  specimens  (two  6-in.  long  0.020-in.  tubes, Type 347, tack  welded a t  the  
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Braze Alloy 
AGC 200 
AGC 201 
AGC 202A 
AGC 202B 
AGC 204A 
AGC 204B 
AGC 206A 
AGC 206B 
Anaconda 6 5 1  
Anaconda 6 56 
OFHC Copper 
Wesgo-Nicoro 
LAP SHEAR TEST RESULTS 
Ult imate  Shear  S t rength ,  K.S.I. 
(Base Metal Type 347 SS-0.002 i n .  Jo in t  C lea rance )  
Room Temperature 
44.4;k 
47.6ik 
38 .O 
34.0 
26.9 
34.4 
29.1 
36.6 
45.2 
44.3 
35.9 
4 5 .  li 'c 
fl2TlI 
-423OF 
73.6 
72 .3  
57.4 
57.6 
49.3 
59.4 
40.7 
60.6 
61.0 
51.9 
58.3 
78.4 
Pos i t ion -Re la t ive  S t r eng th  
Room Temperature - 423OF 
4 2 
1 3 
6 9 
10 8 
12 11 
9 6 
11 12 
7 5 
2 4 
5 10 
8 7 
3 1 
Specimens f a i l e d  i n  b a s e  m e t a l .  
AGC 200 -- A l l  th ree  spec imens  fa i led  in  base  metal. 
AGC 201 -- A l l  th ree  spec imens  fa i led  in  base  meta l .  
Nicoro --- One specimen fai led in  base metal .  
Table 5 
10 
Braze  Al loy  
AGC 200 
AGC 201 
AGC 202A ' 
AGC 202B 
AGC 204A 
AGC 204B 
AGC 206A 
AGC 206B 
Anaconda  651 
Anaconda  656 
OFHC Copper 
Wesgo Nicoro 
TENSILE  TEST  RESULTS 
Ultimate T e n s i l e  S t r e n g t h  K.S.I .  
(Base Metal Type 347 SS-0.003 in .  Joint  Clearance)  
Room Temperature 
81.5 
80.8 
78.1 
65.7 
41.9 
54.1 
37.6 
41.6 
78 .O 
74.7 
56.8 
83.4 
-423OF 
128.9 
117.0 
78.3 
90.6 
30.8f: 
71.7 
24 0;k 
87.2 
95.6 
61.5 
98.3 
166.2 
P o s i t i o n - R e l a t i v e  S t r e n g t h  
Room Temperature -423OF . 
2  2 
3 3 
4 8 
7  6 
10 11 
9  9 
12  12 
11 7 
5  5 
6 10 
8 4 
1 1 
Incomple te   b raze   coverage .  
T a b l e  6 
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ends)  with a p re - se t  j o in t  c l ea rance  o f  0 .003- in .  u s ing  s t anda rd  b raz ing  
temperature and pressure  ranging  from 0.5 microns  to  5.0 microns. The spec i -  
mens were  then  v isua l ly  ra ted  to  de te rmine  the  ex ten t  of  wet t ing  and  f low.  
7. Tes t  7 - Pee l  Test 
The degree of  bond s t r e n g t h  w a s  determined using the specimens 
described above by pee l ing  the  tube  spec imen in  oppos ing  d i rec t ions  and  
examining  the mode o f  f a i l u r e .  F a i l u r e  would occur  in  e i the r  t he  b razemen t  o r  
the  parent  meta l .  
8. Test 8 - Mechanical   Propert ies  
Standard A.W.S. lap shear specimens were prepared along with 
tens i le  spec imens  to  de te rmine  l a p  shea r  and  t ens i l e  s t r eng th  fo r  each  a l loy  
system a t  room temperature and -423OF. 
9. Tes t  9 - B u r s t  Tes t  
B u r s t  t e s t ing  o f  AISI  s t a in l e s s  s t ee l  b razed  tubu la r  spec imens  
was also performed.  Three- inch lengths  of  A I S I  s t a i n l e s s  s t e e l  t u b i n g  w i t h  
a 0.020-in. w a l l  were furnace-brazed to a platform of  the same material 
(0 .125- in .   th ick)   to   per form  pressure   burs t   t es t s .   This  t es t  was made t o  
d e t e r m i n e  i f  t h i n - w a l l e d  s t a i n l e s s  s t e e l  t u b i n g  would  be embr i t t l ed  by the  
b r a z e  f i l l e r  a l l o y s .  These  specimens a r e  shown i n  F i g u r e s  2 and 3. 
The tube ends were f i t ted with A-N f i t t i n g s  and h y d r o s t a t i c -  
a l l y  p r e s s u r i z e d  u n t i l  f a i l u r e  o c c u r r e d .  A l l  specimens  fa i led a t  approximately 
5000 ps ig  a t  the mid-point  of  the tube.  
E. BRAZE JOINT PROPERTIES 
The l ap  shea r  and  t ens i l e  p rope r t i e s  o f  t he  a l loys  inves t iga t ed  
a r e  shown i n  T a b l e s  5 and 6,  respect ively.  Also included are  Nicoro and OFHC 
copper as re ference  data. 
The a l loys  con ta in ing  small percentages  of  s i l i con  were  genera l ly  
weaker ;  th i s  i s  a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  a h a r d  i r o n - s i l i c i d e  p h a s e  i n  
the   d i f fus ion  zone. Test r e s u l t s  i n d i c a t e  t h a t  t h e  AGC-200,  AGC-201, and the  
Anaconda 651  ( low s i l icon)  have  c lose ly  re la ted  u l t imate  shear  s t rengths  and  
a r e  comparable  with  Nicoro,   the  prime  commercial   candidate  al loy. The same 
r e l a t i o n s h i p  o f  s t r e n g t h  i s  a p p a r e n t  f o r  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h ,  w i t h  
the  except ion  of  Anaconda 651 which had a lower  u l t ima te  t ens i l e  s t r eng th  than  
OFHC copper a t  -423OF. 
F. METALLOGRAPHIC EXAMINATION OF BRAZE JOINTS 
The pho tomic rographs  i l l u s t r a t ed  in  F igu res  4 through 14 a re  
t y p i c a l  t u b e  j o i n t s  b r a z e d  w i t h  t h e  d i f f e r e n t  b r a z e  f i l l e r  m a t e r i a l s  i n v e s t i -  
ga ted .  The base  meta l  in  a l l  tes ts  i s  Type A I S I  347 hydrogen-annealed  stain- 
l e s s  s t e e l  t u b i n g .  
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F i g u r e  2 
Brazed S p e c i m e n s  for 
Pressure T e s t i n g  

The fo l lowing  observa t ions  were made dur ing  the  course  of  eva lua t ing  
the  a l loy  sys tems.  
1. AGC-200 - A Sol id-Solut ion  Alloy 
No phase change or secondary phases could be detected.  
Minimal  diffusion into the base metal  w a s  observed. Braze deposit  micro- 
hardness average (based upon several  surveys)  was RB 58 (see Figure 4 ) .  
2. AGC-201 - A Sol id-Solut ion  Alloy 
No phase change or secondary phases could be detected and 
t h e r e  was minimal  d i f fus ion  in to  the  base  metal. Braze deposi t  microhardness  
average was RB 60 (see Figure 5).  
3 -  ~ AGC-202A - A P e r i t e c t i c  and  Sol id-Solut ion  Alloy 
Formation of a secondary phase w a s  noted together  with a hard 
diffusion  boundary. The diffusion  boundary i s  a t t r i b u t e d  t o  t h e  f o r m a t i o n  
of  i ron-si l ic ides .  Average hardness  of  brazement  was RB 60; average hardness 
o f  d i f fus ion  zone was Rc 38 (see Figure 6) 
4. AGC-202B - A Mult i -Phase  Structure ,   Sol id-Solut ion 
and P e r i t e c t i c  A l l o y  
There i s  minimal   diffusion  into  the  base metal. The lower 
s i l i c o n  c o n t e n t  i n  t h i s  a l l o y  l i m i t e d  t h e  f o r m a t i o n  o f  t h e  i r o n - s i l i c i d e  n o t e d  
f o r  AGC-202A. Average  microhardness  of  the  brazement was RB 94 (see Figure 7 ) .  
5. AGC-204A - A P e r i t e c t i c  and  Sol id-Solut ion  Alloy 
Formation of a secondary phase and a hard diffusion boundary 
was noted. The diffusion  boundary i s  a t t r i bu ted  to  the  fo rma t ion  o f  i ron -  
s i l i c i d e .  Average  microhardness  of  the  brazement was RB 84; average hardness 
o f  d i f f u s i o n  zone was RC 52 (see Figure 8 ) .  
6.  AE-204B - A Multi-Phase  St-nucture,   Solid-Solution 
and W 
There i s  minimal   diffusion  into  the  base  metal .  The lower 
s i l i c o n  c o n t e n t  i n  t h i s  a l l o y  l i m i t e d  t h e  f o r m a t i o n  of i r o n - s i l i c i d e  e x p e r i -  
enced with al loys AGC-202A and AGC-204A (see Figure 9) .  
7. AGC-206A . .  - - " A Mult i -Phase  Structure ,   Sol id-Solut ion 
a n d   P e r i t e c t i c  AI IO^ 
The presence  of  an  in te rmeta l l ic  compound was not observed. 
The s i l i c o n  p r e f e r e n t i a l l y  combined wi th  the  pa l lad ium and n icke l  resu l t ing  
i n  a network of void areas. Consequently, AGC-206A r e s u l t e d  i n  t h e  p o o r e s t  
j o i n t  s t r e n g t h  ( s e e  F i g u r e  1 0 ) .  
15 
Hardness 
RB 88 
RB 86 
RB 84 
Off  of RB 
Scale 
Magnification: lOOX 
AGC 200 a l loy ,  vacuum  furnace  brazed  at  197OoF/15  min. 
AGC 200 Etchant:  Picral - HC1 
Cu Bal. 
Pd 4.5 
Ni 3.0 
AU 15.0 
Figure 4 
PHOTOMICROGRAPH, AGC-200 
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Magnif icat ion:  lOOX 
AGC 201 a l l o y ,  vacuum fu rnace  b razed  a t  197OoF/15 min. 
AGC 201 E tchan t :   P i c ra l  - H C 1  
cu Ea1 
Pd 5.0 
co 5.0 
AU 15.0 
Figure 5 
P1IOTOI~~IIC1-:OC~IIAPl~I, A G C - 2 0 1  
17 
18 
Hardness 
Magnification: lOOX 
AGC 202A  alloy,  vacuum  furnace  brazed  at 1900°F/15 min. 
AGC 202A Etchant:  Picral - HC1 
Cu bal 
Si 3.5-4.0 
Ni 0.5-1.5 
Pd 0.5-1.0 
Figure 6 
PHOTOMICROGRAPH,  AGC-202A 
Magnification:  120X 
AGC  202B  alloy, vacuum  furnace  brazed at 195OoF/15 min. 
AGC 202R  Etchant: Picral - HC1 
Cu bal 
Si 1.5-2.0 
Pd 0.5-1.5 
Ni 0.5-1.0 
Figure 7 
PIIOTOMICKOGRAPH, AGC-202E 
I 
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Magnification: 12OX 
AGC 204A a l loy ,  vacuum furnace brazed a t  190OoF/15 min. 
AGC 204A Etchan t :   P i c ra l  - H C 1  
Cu bal 
S i  3.5-4.0 
Pd 5.0-6.0 
N i  3.3-4.0 
Figure 8 
PHOTOMICROGRAPH:, AGC-204A 
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Hardness 
Magnification: 120X 
kGC 204B a l loy ,  vacuum  furnace  brazed  at 1970°F/15 min. 
AGC 204B Etchant:  Picral - K C 1  
Cu bal 
Si 1.5-2.0 
Pd 5.0-6.0 
Ni 3.3-4.0 
Figure 9 
PHOTOMICROGRAPH, AGC-204B 
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Hardnee 
Magnification: 120X 
AGC 2 0 6 ~  a l l o y ,  vacuum  furnace  brazed  at 1900°F/15 min. 
AGC 206A Etchant:  Picral - HC1 
Cu bal 
Si 3.5-4.0 
Pd 9.0-10.0 
Ni 6.0-6.75 
Figure 10 
PHOTOMICROGRAPH, ~ ~ - 2 0 6 ~  
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8. AGC-206B - A Mult i -Phase  Structure ,   Sol id-Solut ion 
and P e r i t e c t i c  A l l o y  
There w a s  evidence of a minor amount of diffusion. The d i f -  
fusion boundary did show the  presence  of  a h a r d  i n t e r m e t a l l i c  compound which 
indicated  an  average  microhardness   equivalent   o   42 (see Figure 11). 
9. Anaconda 651  (1015) - A Sol id-Solu t ion   Al loy  
No secondary  phases  could  be  detected.  A hard  d i f fus ion  
boundary w a s  p re sen t  and i s  a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  i r o n - s i l i c i d e .  
Average hardness of the brazement was RB 52;  average hardness  of  the diffusion 
zone was Rc 30 (see Figure 12) .  
10. Anaconda  656 (1010) - A Mult i -Phase  Structure ,  
Sol id-Solu t ion  and P e r i t e c t i c  A l l o y  
A s h a r p  l i n e  o f  d i f f u s i o n  i s  p resen t  and i s  c l e a r l y  shown i n  
the  photomicrograph. The d i f f u s i o n  zone  gave an average hardness  of  RC 33 
(see Figure 13). 
11. ~ Wesgo ~~~ ~~ Nicoro - A Sol id-Solu t ion   Al loy  
Average hardness was RB 68. A minimal  amount of d i f f u s i o n  
was noted  (see  Figure 14). 
I V  CONCLUS IONS 
Of t h e  e i g h t  a l l o y  s y s t e m s  d e v e l o p e d  i n  t h i s  program, two, AGC-200 and 
AGC-201, compare  most favorably with the prime commercial candidate, Nicoro. 
A cost  savings of  approximately 50% cou ld  be  r ea l i zed  i f  e i t he r  o f  t hese  
a l loys  were  used  in  p lace  o f  Nicoro. The ne t  sav ings  for  each  M - 1  Thrust  
Chamber i s  e s t ima ted   t o  be $7,000.00. The commercial  product Anaconda 651 
a l so  appears  promis ing;  however, a d d i t i o n a l  r e s e a r c h  would  have t o  be conducted 
t o  p u r i f y  t h e  a n a l y s i s  and t o  make fur ther  s tudy  of  the  union  of  s i l i con ,  i ron ,  
and n i cke l .  A l l  alloy  systems,  both  commercial  and  Aerojet-General  developed, 
wi th  the  except ion  of  AGC-206A exhib i ted  good b raze  cha rac t e r i s t i c s  and  good 
s t r e n g t h  l e v e l s .  AGC-200 and AGC-201 has outstanding wet and flow characteris-  
t ics  and i s  i n s e n s i t i v e  t o  j o i n t  c l e a r a n c e  v a r i a t i o n s .  Both AGC-200 and AGC- 
201 are s o l i d - s o l u t i o n  t y p e  a l l o y s  f r e e  from any b r i t t l e  i n t e r m e t a l l i c  com- 
pounds  such a s  i s  observed i n  t he  s i l i con -bea r ing  a l loys .  The commercial  pro- 
duct Nicoro i s  a l s o  a s o l i d - s o l u t i o n  a l l o y  and as t h e  r e s u l t s  i n d i c a t e  i n  t h i s  
r e p o r t ,  t h e  j o i n t  s t r e n g t h  w a s  t h e  h i g h e s t  f o r  t h e s e  t h r e e  a l l o y s  f o r  b o t h  l a p  
shear  and t e n s i l e  s t r e n g t h  a t  room temperature and -423'F. 
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Hardness 
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Magnification: 120X 
AGC 206~, vacuum  furnace  brazed at 1975"F/15 min. 
AGC 206~ Etchant: Picral - HC1 
Cu bal 
Si 1.5-2.0 
Pd 9.0-10.0 
Ni 6.0-6.75 
Figure 11 
PHOTOMICROGRAPH,  AGC-206B 
.. .  . - . . ". . . - . 
Hardness 
Magnification: lOOX 
Anaconda 651 alloy, vacuum  furnace  brazed at 196OoF/15 min. 
Anaconda 651 Etchant: Picral - HC1 
Cu Bal 
Si 1 . 5  
~n .25 
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Har dn 
RB 
RC 
RB 8 
RB 
Magnif icat ion:  lOOX 
Anaconda 656 a l l o y ,  vacuum furnace  brazed  a t  1900°F/10 min. 
Anaconda 656 E t c h a n t :   P i c r a l  - H C 1  
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Cu Bal 
S i  3.1 
Mn 1.1 
Figure 13 
PHOTOMICROGRAPH, ANACONDA 656 
3 
Figure 34 
PHOTOMICROGRAPH, NICORO 
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V. RECOMMENDATIONS 
The braze  a l loys  AGC-200,  AGC-201, Anaconda 651, and Nicoro should be 
eva lua ted  fur ther  wi th  respec t  to  the i r  behavior  on specimens made from f u l l -  
l ength  thrus t  chamber tubes.  Braze f i l l e r  m e t a l  volume and d i s t r i b u t i o n  
control,  joint-making capacity,  and poss ib l e  e ros ion  e f f ec t s ,  when used f o r  
making  long jo in t s  i nvo lv ing  cons ide rab le  g rav i t a t iona l  flow,  need t o  be estab-  
l i s h e d  t o  v e r i f y  s u i t a b i l i t y  i n  t h i s  c r i t i c a l  a p p l i c a t i o n .  
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APPENDIX A - DEFINITIONS 
1. Liquidus 
2. Wet and Flow 
3 .  i ) i f   fusion 
4 .  Erosion 
5. Microhardness 
6. P e e l  Tes t s  
7.  Lap Shear 
8. Tens i l e  
The temperature a t  which complete melting 
has occurred. 
The a b i l i t y  o r  t h e  i n a b i l i t y  of the braze 
material t o  flow and w e t  on a v e r t i c a l  t e s t  
specimen  (6-in.  long  tubing)  with a p re - se t  
jo in t  c learance  of  0 .003- in .  a t  the s tandard 
brazing temperature  and pressures  ranging 
from 0.5 microns to 5.0 microns  (v isua l ly  
r a t ed )  . 
The depth  of  braze  a l loy  penet ra t ion  in to  
the  base metal. May be i n  t h e  form of 
i n t e r g r a n u l a r  d i f f u s i o n ,  mass d i f f u s i o n ,  o r  
s o l u t i o n i n g  e f f e c t .  
The depth o f ,  o r  t he  ex ten t  o f  su r f ace  d i s -  
s o l u t i o n  of  the base material being brazed. 
Hardness survey of micro-consti tuents.  
The mode of  fa i lure  exper ienced  when brazed 
tube specimens are peeled in opposite 
d i r e c t i o n s .   F a i l u r e  w i l l  occur   in   the   b raze-  
ment or  the  parent  meta l .  
Lap shear  specimens tes ted for  mode o f  
f a i l u r e  and shear  s t rength of  brazement .  
(Standard A.W.S. Lap Shear Specimen.) 
T e n s i l e  t e s t i n g  t o  d e t e r m i n e  t h e  t e n s i l e  
s t r e n g t h  of the brazement. 
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